Superior canal dehiscence syndrome (SCDS) is characterized by the clinical findings of vestibular symptoms such as sound-induced vertigo, eye movements, and chronic disequilibrium. Auditory symptoms are also often present and include conductive hearing loss or decreased hearing thresholds for bone-conducted sounds, which allows patients to hear their own pulse or eye movements (1) . Often, one of the most disturbing auditory symptoms is autophony, an unpleasant subjective discomfort of one's own voice during phonation. Before the establishment of the SCDS diagnosis, many of these patients were likely misdiagnosed as having otosclerosis, patulous eustachian tube (ET), a middle ear fistula, or a psychiatric disorder (2) . During the decade since the initial description (3), SCDS has had its pathophysiology elucidated, and curative surgery therapy is now regularly performed at many centers throughout the world. Vertigo symptoms, especially when brought on by loud sound or pressure changes, can alert the physician to SCDS, but auditory symptoms such as autophony are also often prominent and in many cases are the primary complaint (4) .
There have been few previous efforts to quantify autophony symptoms. One effort has focused on ET-related autophony and has correlated symptom severity with volume of sounds recorded in the external auditory canal in these patients (5) . Such a technique would not be useful for confirmation of autophony in SCDS patients due to the different causes of the symptom. Attempts have also been made to quantify the severity of autophony symptoms using a simple visual analog scale to rate symptoms as light, moderate, or severe (6) , similar to that used to quantify pain.
Significant efforts have been made to quantify subjective tinnitus, which in some ways is similar to autophony. Several instruments for assessment of tinnitus severity have been developed, including the tinnitus handicap inventory (7) , Iowa tinnitus handicap questionnaire (8) , and the tinnitus reaction questionnaire (TRQ) (9) . A recent review of several tinnitus severity scales revealed that most of these instruments are highly correlated and provide a valid assessment of symptom severity (10) .
The current study proposes an autophony index (AI), which is a scale based on the TRQ (9) but modified for autophony. Patients were evaluated using before and after SCD plugging to determine the degree to which autophony symptoms were improved with surgery. Patients also underwent testing with the Health Survey (SF-36) (11) to assess their overall state of health before and after SCD plugging.
METHODS

Patient Selection
This study was a review of existing clinical data with patient identifiers removed. It qualified for exemption from an institutional review board protocol based on United States Department of Health and Human Services criteria 45 CFR 46.101(b4). The determination that the study was exempt from a protocol requirement was made by the institutional review board.
Nineteen patients with SCDS who underwent SCD plugging between September 2007 and October 2008 were included (Table 1) . Average age was 48 years (range, 29Y66 yr), 10 were men and 9 were women. All patients had a unilateral SCD plugging, which was on the left side in 11 patients and on the right in the remaining 8. Based on CT findings, 7 patients had bilateral SCD ( Patients 1, 2, 4, 7, 8, 11, and 14) , although in all but 1 of these cases, the symptoms were predominately on 1 side. Only 1 patient had significant bilateral symptoms (Patient 4). All patients were given our AI (Table 2) and dizziness handicap inventory (DHI) (12) survey before and approximately 3 months after surgery. The AI included questions that were often similar to the TRQ but modified for autophony. In many statements, past tense was used because unlike tinnitus, autophony symptoms are only experienced while the patient is talking and are unlikely to be experienced while they are completing the survey. All but 1 (Patient 11) also completed the Health Survey (SF-36) before and after SCD plugging.
The diagnosis of SCDS was based on clinical testing and physical examination findings. All patients had clinical testing that included cervical vestibular evoked myogenic potentials (cVEMP) thresholds measured before surgery (13), although 1 patient was unable to complete the cVEMP due to discomfort. Audiograms measuring both air-and bone-conduction thresholds and computed tomography were done using the protocol previously described (14) . In every case, the computed tomographic scan was consistent with SCD on the operated side. Decreased cVEMP thresholds on the operated side were found in 13 of 18 patients who were tested. All patients had an air-bone gap of at least 5 dB at 1 or more frequencies on audiogram.
Details of Treatment
All patients were counseled regarding the potential risks and benefits of SCD plugging surgery before deciding to undergo Patients are identified by number given in Column 1. Age is in years at the time of SCD plugging. Sex was M or F. Side of repair was R or L. Largest ABG on preoperative audiometry is given and was usually at 250 Hz. Thresholds of cVEMP are given in decibels (dB nHL), and the lower limit of normal in our laboratory is 80 dB nHL. The SCD size was measured intraoperatively, and the largest dimension is given. The DHI was measured before surgery and approximately 3 months after surgery. Cells are represented with em spaces if the test was not performed.
a In Patients 6 and 16, there was a thin layer of residual bone covering the SC. In these cases, the thin bone was thought to allow pressure transmission into the SC, and it was plugged with improvement in symptoms.
b Patient 7 had a large SCDs consistent with the entire upper half of the canal being involved such that the anterior and posterior crus were exposed separately; the size of the larger dehiscence is given.
c Patient 16 refused VEMP testing because he found it uncomfortable. ABG indicates air-bone gap; cVEMP, cervical vestibular evoked myogenic potentials; F, female; L, left; M, male; R, right.
surgery. All surgeries were performed through a middle fossa craniotomy as previously described (15) . The location of the SCD in the middle fossa was found with the aid of image navigation. The size of the dehiscence was measured using a small scale several millimeters long laid next to the dehiscence and viewed under high magnification. The dehiscence was plugged by packing small pieces of previously harvested temporalis fascia into the lumen of the bony superior canal on both ends of the dehiscence. Fascia was held in place using bone chips to further plug the ends of the dehiscence. After surgery, patients remained under observation in a neurosurgical intensive care unit overnight. Patients were discharged from the hospital on the second or third postoperative day.
Statistics
Statistical comparisons and validation were performed using the Aabel for the Macintosh (Gigawiz software, Oklahoma City, OK, USA). Significant differences between 2 numeric values were computed using a paired 2-tailed Student's t test with the level of significance set as p e 0.01. Correlation coefficients (R) were calculated to compare 2 types of data (i.e., AI and maximum conductive hearing loss) to see if a significant interaction was present. The Fisher transformation was used to determine if an R was significant based on the number of samples.
Validation of the AI was performed by first using principal component analysis to determine if all 26 items measure the same latent construct. Only preoperative AI was validated because most postoperative patients put 0 for every item on the AI, which precluded a meaningful analysis. Factor analysis was performed to check how well each item on the AI reflected the construct of autophony (16) . Items with uniqueness greater than 0.6 (i.e., 960% of item variance was not explained by Patients were given this list of the 26 statements shown and asked how much of the time they agreed with the statement. Choices were not at all (0 points), a little of the time (1 point), some of the time (2 points), a good deal of the time (3 points), or almost all of the time (4 points). Points were totaled to give a score on the range of 0 to 104.
FIG. 1.
Autophony index before and after superior canal plugging. All 26 items are included in the score. All patients completed the survey before and after surgery. If no bar is shown, it means the individual had a score of 0. autophony) were considered for dropping. Reliability of the AI was determined with a Cronbach > (17,18).
RESULTS
All patients except 1 (Patient 3) reported some autophony symptoms before SCD plugging. The mean 26-item AI before surgery was 42 T 27 (mean T SD; range, 0Y86; Fig. 1 ). Patients commonly reported that autophony symptoms had improved upon regaining consciousness after surgery; however, we administered the AI again several months after surgery to allow time for patients to experience any symptoms in a variety of conditions and insure that any autophony due to middle ear effusion had resolved. Postoperative AI decreased by an average of 33 to a mean of 9 T 22 (range, 0Y82), a significant change from the preoperative values ( p G 0.01; t test). Review of scores of individual postoperative patients after surgery revealed that 14 of 19 patients had an AI score of 0 after surgery, consistent with complete resolution of symptoms. Two (Patients 6 and 10) had large decreases in their AI after surgery but still had mild symptoms. One (Patient 16) had very mild symptoms with an AI of 8, which were unchanged by surgery. Patient 4 had the most severe autophony symptoms before surgery and only a slight decrease after surgery. Further discussion with this patient revealed that, although the autophony symptoms on the operated side significantly improved, the patient continued to have severe autophony on the contralateral side, which may have accounted for his high score. The AI survey did not distinguish the laterality of symptoms. Patient 7 was the only individual who reported a higher AI after SCD plugging. This patient was later found to have a patulous ET, which likely caused most of his autophony. Higher preoperative scores were correlated with greater decreases in scores after surgery. The paired 2-tailed t test was used to calculate p values for each item.
FIG. 2. Comparison of 26-item and 5-item AI instruments. Both
produce similar values when normalized to a 0-to 100-point scale both before and after SCD plugging.
Validation of AI
The individual questions of the AI were examined to see which had the largest changes after surgery (Table 3 ). All items had a decrease after surgery, with nonsignificant decreases more common for items with lower preoperative scores. The item patients scored the highest before surgery was Item 20, BHearing my voice has caused me to avoid noisy situations.[ This item also had the largest improvement after surgery. Item 24, BHearing my voice has caused me to think about suicide,[ was only rarely scored above 0 (mean preoperative score, 0.17) and there was no significant change in the score after surgery ( p = 0.43).
Principle component analysis was performed to determine if all 26 items of the AI measured the same latent construct. The results of this analysis yielded eigenvalues and variance for each item ( Table 3) . The eigenvalues and amount of variance decreased with each additional item, providing good evidence that only 1 factor underlies all 26 items.
Determination of how well each item reflects the latent construct of autophony (i.e., how much of the variance of each item can be attributed to the latent factor) was performed using factor analysis. Factor loading and uniqueness were calculated for each item (Table 3) . Items with a uniqueness greater than 0.6 (960% of item variance was not explained by the latent factor of autophony) were removed. This eliminated Items 1, 6, 10, 23, and 24. When factor loading and uniqueness were calculated for the remaining 21 items, uniqueness remained less than 0.6 for all items.
Reliability of the AI was measured using the Cronbach > (17). This measure was relatively insensitive to how many items are included. When all 26 items were included, the Cronbach > was 0.970. When the 21 items with uniqueness less than 0.6 were included, > was 0.976. When only the 5 items with uniqueness less than 0.25 were included, > was 0.956. This result indicates that the AI will produce a valid measure even when only a small number of items are included. The similar results obtained with the 26-item and 5-item AI when both were scaled for a range of 0 to 100 are shown in Figure 2 . Because a subset of 5 items seems to have validity equal to the larger 26-item AI and would be faster and easier to complete, we have included a 5-item AI (Table 4) .
The Health Survey (SF-36) was also administered before and after surgery at the same sitting as the AI in all but 1 subject (Patient 11). Preoperative total scores averaged 56 T 17 (mean T SD), and postoperative scores were 65 T 21 (Fig. 3) . Despite an overall increase in scores, the trend was not significant ( p = 0.07; t test). Review of individual data revealed that 11 patients had an increase (improvement) in SF-36 score, and 7 experienced a decrease. Most of the individual components of the SF-36 (physical function, general health, vitality, social function, and emotional) demonstrated no significant difference after SCD plugging ( p 9 0.05 for each). The mental health component of SF-36 increased from 61 T 19 preoperation to 73 T 16 after plugging, which was significant at p = 0.003, even applying the Bonferroni correction for the 8 components of SF-36.
The correlation coefficient (R) was determined between the various metrics measured in this group of patients, including AI (both 26-and 5-item versions), SF-36, The five statements are taken from the 26 items shown in Table 2 with the lowest uniqueness scores. Choices were not at all (0 points), a little of the time (5 point), some of the time (10 points), a good deal of the time (15 points), or almost all of the time (20 points). Points were totaled to give a score on the range of 0 to 100. DHI, SCD size, age, cVEMP threshold, minimum boneconduction threshold, and amount of conductive hearing loss. For a correlation to be significant at the p e 0.01 level (2-tailed) using a sample size of 19 patients, the R value had to be greater than or equal to 0.58. Using this criterion, none of these measures were significantly correlated with each other.
DISCUSSION
Symptoms of SCDS include oscillopsia, dizziness induced by pressure or sound, chronic disequilibrium, autophony, pulsatile tinnitus, and conductive hearing loss (15) . The full range of symptoms is rarely present in an individual SCDS patient, but even the individual symptoms can cause significant disability. The decision to undergo SCD plugging surgery must be made by the patient after considering the severity of symptoms, the probability of symptomatic relief, and the potential risks of surgery.
This study documents a significant resolution in autophony symptoms after SCD plugging and a complete resolution of autophony in 13 of 18 patients with preoperative autophony. The few patients who continued to have significant autophony complaints after surgery (AI 9 The patient's scores on the AI help elucidate which situations are most problematic for SCD patients with autophony complaints (Table 3 ). The highest scoring item before surgery was Item 20, BHearing my own voice has caused me to avoid noisy situations.[ When discussing this with patients, several reasons for this were cited. In noisy situations, it is necessary to raise one's voice to communicate, which makes autophony worse. Others said that the noise was just another aberrant sensory input that burdened them. Finally, many of these patients also experienced vertigo or oscillopsia in noisy situations, which contributed to their discomfort. Interestingly, later analysis demonstrated that this item was not a necessary party of an autophony assessment. Thus, although this item gives some insight as to the situations in which autophony is most bothersome, it is not needed to assess symptom severity. Just hearing the sound of the voice made some patients Bunhappy[ (Item 1) and Binterfered with the enjoyment of life[ (Item 12). Other very common descriptions included Bfrustration[ (Item 17) and Bannoyance[ (Item 9). Less common but potentially serious were Binterference with ability to work[ (Item 18) and Bconcentrate[ (Item 13). Because most patients had complete resolution of autophony after surgery, the items on the AI questionnaire with the highest preoperative scores were also those with the greatest and most significant improvement postoperatively (Table 3) . However, the items that tend to bring out the most extreme values may not be the best assessment of autophony symptoms. Statistical analysis demonstrated that far fewer items were required to create a valid AI than were actually administered. A 5-item AI using the items with the lowest uniqueness scores yielded equally valid scores (Table 4) .
Autophony has previously been reported as a symptom of ET (19, 20) , SCDS (2, 21, 22) , poorly fitting hearing aids (23), low-frequency hearing loss (24) , and middle fossa meningomas (25) . Despite the number of conditions reported to cause autophony, there have been few attempts to assess the severity of autophony symptoms beyond just reporting that the symptom is present. Autophony severity has been assessed by measuring the sound level in the external auditory canal during phonation in ET patients (5) and using a simple visual analog scale similar to that used for pain (6) . To our knowledge, there has been no previous attempt to assess autophony severity in SCDS.
The patients in this study where also given a general health survey (SF-36) (11) at the same time as the DHI and AI. Although there was a trend toward SF-36 improvement after surgery, this trend was neither consistent nor significant. We believe this is because the symptoms caused by SCDS are too specific to be adequately addressed by a general health survey. Similarly, surgeries for placement of bone-anchored hearing aids (26) and cataract surgery (27) have not shown a clinically significant improvement in SF-36. Use of the SF-36 is probably not appropriate for assessing auditory symptoms because it has no questions directly related to hearing or functional communication (28, 29) . Similarly, SF-36 has not demonstrated improvement after benign paroxysmal positional vertigo treatment, although a clear benefit is seen with more specific measures (30) .
The relationship between SCDS symptoms, physical findings, test results, and anatomy remains unclear in many cases. The high incidence of SCD in temporal bone libraries (31) relative to the number of symptomatic patients (32) suggests that in most cases, anatomic SCD is clinically asymptomatic. In symptomatic SCD, some patients present with primarily auditory complaints such as autophony, hyperacusis, or pulsatile tinnitus, whereas others have primarily vertigo and balance problems and no auditory symptoms. The size of the SCD has also not been found to correlate with the severity of dizziness symptoms (22) , although it does correlate with diminished vestibulo-ocular reflex function before surgery (33) .
CONCLUSION
A simple 5-item AI is provided, which should allow clinicians to quickly assess the autophony severity. Autophony symptoms as measured by the AI were found to be eliminated in most patients after SCD plugging. Several other factors that may indicate the severity of SCD were examined, including pure-tone thresholds, air-bone gap, cVEMP thresholds, DHI, patient age, and size of the dehiscence. However, none of these factors were significantly correlated with either the preoperative or postoperative autophony symptoms as measured by the AI. These findings highlight the individual nature of autophony symptoms and the need to query the patient on the severity of their symptoms in addition to interpreting tests and physical examination findings. The decision to undergo surgery for SCD plugging must be made by the patient after they weigh the severity of their symptoms against the potential risks of surgery.
